We have attempted to identify a role for mast cells in autonomic ganglia by examining the effects of antigen challenge on mast cell-associated mediator release and synaptic transmission through the superior cervical ganglion isolated from ovalbuminsensitized guinea pigs. Ovalbumin induced the release of 7.9 ng of histamine, 40 pg of immunoreactive sulfidopeptide-leukotriene, and 140 pg of immunoreactive-PgD2 per ganglion. Ovalbumin produced long-lasting potentiation (51±4%, mean±SEM, n = 66) of synaptic transmission, the protracted nature of which could not be mimicked by exogenous histamine (10-' M). Selective histamine H1 antagonists inhibited the antigen-induced potentiation, but did not reverse it when added any time after antigen exposure. These results indicate that immunologic activation of mast cells can directly potentiate neurotransmission in sympathetic ganglia. Histamine appears to be a mediator involved in the induction of antigen-induced potentiation of synaptic transmission, but alone cannot account for the long term nature of this phenomenon.
Introduction
Immunologic activation of mast cells and the subsequent release of inflammatory mediators is thought to be a pivotal event in an allergic response (1). It is generally recognized that alterations in autonomic neuroeffector transmission also contribute to the pathology of allergic disease (2) . For the most part, how mast cells and nerves relate to allergic disease have been investigated separately, yet the fact that mast cells reside in peripheral nervous tissues such as autonomic ganglia (3, 4) , suggests that there may be direct communication between these two cell types.
The present experiments were designed to test two hypotheses: (a) that ganglion-associated mast cells can be actively sensitized and immunologically activated to release inflammatory mediators, and (b) that immunologic activation ofganglionassociated mast cells influences the physiology of autonomic ganglia. We observed that superior cervical ganglia (SCG)' isolated from actively sensitized guinea pigs release mast cell-associated mediators when exposed to antigen. Furthermore, profound and enduring changes in ganglionic synaptic neurotransmission are produced when sensitized SCG are antigenically stimulated. The results suggest that endogenous mast cells can affect the physiology of autonomic neurons. Such neuroimmunological interaction could underlie some of the neurogenic involvement in allergic diseases such as certain types ofbronchial asthma.
Methods
Male albino guinea pigs weighing 300-500 g were actively sensitized by intraperitoneal injections of ovalbumin (OVA; chicken egg albumin, grade V; Sigma Chemical Co., St. Louis, MO, 10 mg/kg) on days 1, 3, and 5 (5) . Beginning 21 d after the last injection, SCG were isolated from control or OVA-sensitized guinea pigs and trimmed ofblood vessels and loose connective tissue. Tissue was incubated 60 min in 1 ml of Locke solution (composition in mM): NaCl, 136; KCI 5.6; MgCl2, 1.2; CaCI2, 2.2; NaH2PO4, 1.2; NaHCO3, 14.3; dextrose 11 and choline 10-2 maintained at 370 or 240C and equilibrated with 95% 02/5% CO2 (pH range, 7.2 to 7.4). Ganglia were incubated for an additional 30 min in the absence or presence of OVA and the amounts of histamine released into the medium and remaining in the tissue were quantified by automated fluorometry (6) . The tissue histamine content was determined by placing the ganglion in 1 ml 0.4 N perchloric acid and incubating for 15 min in a hot water bath. In several experiments histamine was also measured by radioenzymatic assay (7) ; both methods showed similar histamine values. The amounts of sulfidopeptide leukotriene and prostaglandin D2 (PGD2) released into the medium were quantified by radioimmunoassays as described by Aharony et al. (8) and Adkinson (9) , respectively. The amounts of leukotriene C4 (LTC4), LTD4, and LTE4 required to inhibit [3H]LTC4 (New England Nuclear) binding 50% were 0.18, 0.30, and 0.37 pmol/0.1 ml, respectively. The amount of PGD2 required to inhibit [3H]PGD2 binding 50% was -0.1 pmol/0. 1 ml. The antibodies used have been shown to have little cross-reactivity (< 1%) with other available cyclooxygenase and lipoxygenase products (8, 9) . All values represent the mean±SEM and have been corrected for spontaneous release, which was either not detectable or < 5% of stimulated release. The time course of antigen-induced efflux of histamine from isolated SCG superfused at 2 ml/min was determined by measuring the amount of histamine in aliquots of superfusates collected at 1-min intervals.
For electrophysiological measurements, trimmed SCG were placed in a 300-,1 recording chamber continuously irrigated (2.0 ml/min) with NDVI * SCG were isolated from unsensitized or actively sensitized animals, trimmed of visible blood vessels and excess connective tissue, and incubated at 370 or 250C in 1 ml buffer solution. The ganglia were challenged with ovalbumin for 30 min and the mediator content of the supernatant was quantified as described in Methods. All values represent mean±SEM for n observations. * Values represent released plus residual histamine. 0 For experiments quantifying the release of immunoreactive PGD2 and sulfidopeptide leukotrienes, ganglia from 3 animals were pooled in each experiment (6 ganglia per 1 ml sample). 1"ND, not done.
Locke solution at 370 or 250C. Compound action potentials (CAP) were recorded with suction electrodes placed on a loop of the preganglionic cervical sympathetic nerve trunk (CST) about 5 mm proximal to the SCG and on the superior postganglionic branch. A third suction electrode was positioned on the distal cut end of the CST to deliver preganglionic stimuli (rectangular current pulses: 0.2 Hz, 150-500 Ms). Postganglionic CAPs were occasionally evoked nonsynaptically by placing a stimulating suction electrode on the body of the SCG. In these experiments synaptically evoked CAPs were eliminated by the addition of 5 mM hexamethonium. CAPs were dc-amplified, bandpass 0-10 KHz. The number of synaptically activated postganglionic fibers was adjusted to -50% of maximum by either reducing the intensity and/or the duration of preganglionic stimuli or adding 0.5-1 mM hexamethonium to the superfusate. Similar OVA-induced changes were observed with either method. Because lowering extracellular calcium can depress OVA-induced mediator release, we did not utilize this method to reduce the magnitude of synaptic transmission. Responses were stored on a Racal FM instrumentation tape recorder and subsequently photographed from a storage oscilloscope. The amplitude of the CAP was measured as the distance between peaks of the initial diphasic deflections. After -10 min the amplitude of the evoked CAPs stabilized and remained essentially constant for > 3 h.
For light microscopy, SCG were fixed in isotonic formaldehyde acetic acid, embedded in paraffin and cut into 6-,MM serial sections. Mast cells were visualized by toluidine blue staining at acid pH and counted in every 10th section as previously described (4).
Results
Histamine, immunoreactive prostaglandin D2 and immunoreactive sulfidopeptide leukotrienes were liberated from isolated guinea pig SCG following specific antigen challenge (Table I) .
Release was temperature sensitive and was dependent on sensitization to the specific antigen (OVA). The onset of histamine release was rapid (< 2 min) and was essentially complete within 10 min of antigen challenge (Fig. 1 ). The threshold OVA concentration for histamine release was -0.01 g/ml. The magnitude and time course ofOVA-induced histamine release from the SCG were similar to those reported from isolated guinea pig lung parenchyma, trachea and heart (5, 10). Guinea pig SCG from sensitized animals contained -700 toluidine blue stainable mast cells, which is consistent with our previous observations (4). Antigen-challenged SCG contained < 50% of the number of stainable mast cells found in paired contralateral controls or SCG from nonsensitized animals (n = 3). These data suggest that ganglionic mast cells may be one source of the immunologically induced mediator release shown in Table I .
To determine whether OVA alters the physiology ofthe SCG, we examined the efficacy ofganglionic synaptic transmission by monitoring the amplitude of the postganglionic CAP in the superior postganglionic nerve. Within 1-2 min after adding OVA ganglionic CAP increased noticeably, reaching a maximum within 5 to 10 min. The sample records shown in Fig. 1 illustrate the effect of antigen challenge on the postganglionic CAP. In this experiment, the amplitude of the postganglionic CAP increased -42%. In 66 ganglia challenged with 10 ,gg/ml OVA, the increase in the postganglionic CAP averaged 51±4% (mean±SEM; range < 10 to 180%). Antigen had no measurable effect in about 5% of the ganglia. A particularly striking feature of the OVA-induced potentiation was that in about 75% of the preparations it persisted essentially unchanged during subsequent wash with OVA-free solutions for at least 1 h. When potentiation was followed for periods greater than 1 h, it persisted up to 3 h, the longest time period examined (Fig. 1) .
In eight experiments, the waveform ofthe preganglionic CAP was monitored from a loop of preganglionic nerve sucked into a second recording electrode. Although OVA application increased the amplitude of the postganglionic CAP, it did not measurably change the waveform of the preganglionic CAP. Larger postganglionic CAP thus arises from a recruitment of additional postganglionic neurons. Conduction velocity and time to peak amplitude of the postganglionic CAP were examined by superimposing control and potentiated CAPs at fast oscilliscope sweep speeds. Neither parameter was measurably changed by antigen challenge indicating that the recruited postganglionic neurons belong to the same class. Also, antigen treatment had no effect on the postganglionic CAPs evoked nonsynaptically (n = 3; see Methods).
A variety of control experiments were performed to examine the specificity of the OVA-induced changes in ganglionic transmission. The amplitude of the synaptically generated postganglionic CAP was not measurably altered under the following conditions: (a) perfusion of SCG from nonsensitized guinea pigs with 10 jg/ml OVA (n = 9); (b) perfusion of SCG from sensitized animals with 10 gg/ml human serum albumin (n = 5) or bovine serum albumin (n = 4); (c) perfusion of SCG from sensitized animals with 10 ,g/ml OVA at 25°C for 15 min (n = 5); OVA does not induce significant mediator release at 250C (Table I) .
We tested several mast cell-associated mediators for their ability to mimick OVA effects on ganglionic transmission. Bath application of I0-M leukotriene C4 or leukotriene D4 did not affect the CAP amplitude in SCG from OVA-sensitized animals. Inhibiting prostaglandin synthesis with indomethacin 5 X 10-6 M did not block antigen-induced increases in ganglionic transmission (n = 6). Bath application of I0-M histamine increased the postganglionic CAP by 18±6% (mean±SEM, n = 6), higher histamine concentrations (10-4 M) produced no greater effects. Histamine-induced potentiation of the postganglionic CAP was effectively antagonized by 10-6 M pyrilamine or diphenhydramine (n = 5), but not by 10-5 M cimetidine suggesting that it was mediated by histamine H 1 receptors.
To discern whether histamine was involved in antigen-induced potentiation of the postganglionic CAP, we examined the effect of histamine receptor antagonists. Histamine H 1 receptor antagonists (pyrilamine and diphenhydramine) blocked potentiation when antigen was added in their presence, whereas cimetidine did not (Table II) . These drugs had no effect on antigeninduced histamine release from the SCG. If either pyrilamine or diphenhydramine were added after antigen challenge, they were completely ineffective at reversing the potentiation of the CAP. Furthermore, unlike antigen-induced potentiation, his- Diphenhydramine 10-5 Mt 8±5% 6
Cimetidine IO-' M 60±20% 4 * Potentiation was produced by 10 gg/ml ovalbumin. Percentage increase in the postganglionic compound action potential (CAP) amplitude evoked by antigen challenge was calculated as: (OVA challenged CAP) -(control CAP)/(Control CAP) X 100%. Values represent the mean±SEM of n observations. t These antagonists had no effect on the CAP when added after antigen challenge (n = 6). OVA-induced potentiation of transmission through contralateral ganglia not treated with diphenhydramine or pyrilamine was not significantly different from the control value.
tamine-induced potentiation reversed to control levels within 2 to 10 min after switching to histamine-free solutions. These pharmacologic observations plus the fact that histamine was no longer detectable in the supernatants 10 min after antigen challenge ( Fig. 1) suggest that histamine is a necessary mediator via HI receptor interactions for initiating antigen-induced potentiation, but it alone is not sufficient to account for the long-term persistence of antigen-induced potentiation.
Discussion
Interactions between the immune and nervous systems have received increasing attention in recent years. With respect to immediate hypersensitivity reactions, neurotransmitters and neuropeptides can influence antigen-induced mast cell mediator release (1 1, 12) and mast cell activation is associated with an increase in impulse traffic through afferent sensory nerves (13) .
The results in the present report support the concept of communication between the immune and nervous system by demonstrating that antigenic activation of mast cells can lead to profound effects on neurotransmission through autonomic ganglia. That mast cells are responsible for the observed antigeninduced increase in synaptic transmission in the superior cervical ganglia (SCG) is supported by several lines of evidence. First, the SCG is endowed with 500-1,000 mast cells which, based on morphologic assessment, degranulated upon antigen exposure. Second, challenging the SCG with specific antigen caused the release ofthe mast cell-associated mediators, histamine, PGD2, and sulfidopeptide leukotrienes. Third, when ganglia were incubated at room temperature, antigen exposure did not induce mast cell activation or changes in synaptic transmission. Finally, pharmacological antagonists of histamine inhibited antigen-induced potentiation of transmission. Although histamine is found in several cell types, mast cells and basophils are generally considered to be the sources ofhistamine released by antigenic stimulation (1).
Histamine HI receptor activation was clearly involved in the antigen-induced increase in ganglionic transmission, but it could not by itself account for the maintenance of this potentiation. Exogenous histamine application never evoked longterm changes in ganglionic transmission and histamine receptor antagonists were ineffective at reversing antigen-induced potentiation of the postsynaptic response. Thus, other mediator(s) likely contribute to the long-term nature of this response. There are many mediators involved in inflammatory reactions initiated by mast cell activation (14) . Sulfidopeptide leukotrienes and prostaglandins are mediators commonly associated with immediate hypersensitivity reactions (14) ; however, we found no evidence for the involvement of these substances in antigeninduced potentiation of ganglionic neurotransmission. A remarkable characteristic of the antigen-induced increase in ganglionic transmission is that in most ganglia it is only very slowly reversible. This protracted potentiation resembles longterm potentiation induced by brief high frequency presynaptic stimulation in the rat SCG (15) and in the hippocampal formation (16) . An important difference between antigen-and neurogenic-induced long-term potentiation is that the former requires no prior synaptic activation. Thus, sustained changes in synaptic transmission in autonomic ganglia can be induced by diverse stimuli. Whether similar or different mechanisms underlie these two forms of long-term potentiation will require further studies.
Our results demonstrate that antigen challenge alters the physiology of autonomic ganglia by modifying synaptic transmission. The contribution of pre-and postsynaptic processes responsible for this phenomenon cannot be determined from extracellular recordings. Thus, future studies in this regard will require microelectrophysiological techniques. Regardless of its mechanism and site of action, antigen-induced increase in synaptic transmission through autonomic ganglia may be an important factor in the pathophysiology ofallergic disease. Several investigations have revealed alterations in sympathetic and parasympathetic responsiveness in atopic patients (17) . Such observations may be explained at least in part by allergen-induced long term changes in ganglionic synaptic transmission.
